The presence in northern waters of the Australasian barnacle Elminius modestus was first noted by Bishop (1947) . In the course of examining some bakelite plates, which had been exposed to fouling in Chichester Harbour, he found a settlement of barnacles which differed from all indigenous species in having only four instead of six compartments. They agreed in every respect with Darwin's description of E. modestus. The settlement of many spat on this one plate indicated that the species was well established at least in Chichester Harbour. Crisp & Chipperfield (1948) stated that the species was present in 1947 along the whole of the south-east of England, that it had been present in the River Crouch since 1945, and had appeared also in South Wales. They also commented that the habitats favoured by the species in Britain were similar to those which it occupied in New Zealand (Moore, 1944) . KnightJones (1948) reported that the prevalence of EZminius in the River Crouch con-/ stituted a further threat to the Essex oyster beds; he also recorded it from the Helford River in Cornwall. Fig. 1shows the known distribution at the end of 1947, and at the time of writing (1956) .
It is clear that the species must have occurred in Britain for several seasons prior to 1945 when it was present already at two widely separated places, viz. Chichester Harbour and the River Crouch. Stubbings (1950) has confirmed its prior occurrence in the Portsmouth area, based on examination of material collected before 1945, but it is not possible to give any precise information as to the year of its arrival there.
The earliest stages of colonization have therefore escaped notice, perhaps inevitably in view of the closing of the beaches of southern England during the war. It seems not improbable that the establishment of the species had some connexion with unusual conditions at the outbreak of war, in so far as they affected shipping from Australasia. It is, moreover, fairly certain that E. modestus was not prevalent at this time in many areas where it was very abundant in 1946. Table 1brings together several pieces of evidence to this, effect, all based on the examination of material collected prior to 1940. This material consisted chiefly of shells and other substrata collected both from shallow dredge hauls . The work reported in this paper was partly carried out during the period of my employment by I.e.I. Ltd. Paints Division, to whom I am indebted for access to my notes and records. I am also indebted to many colleagues who have from time to time given me information about the species, and whose records appear in the detailed appendix at the end ofthis paper. The work also constituted a part of a general investigation of British shores, for which generous grants were received from the Browne Fund of the Royal Society.
CHANGES IN DISTRIBUTION SINCE 1946 SOUTH-EAST ENGLAND
Records of the distribution of Elminius between the Isle of Wight and the Thames indicate no major change since 1946, as the species was already well established in the area at that time. Nevertheless, there is evidence that between 1946 and 1950 it was increasing steadily in abundance. This is demonstrated in Table 2A which gives the annual spatfall of Elminius during this period based on counts of numbers settling on regularly changed surfaces. The figure for 1946 is not entirely comparable with the others, since it was taken in the Blackwater, at West Mersea, a few miles to the north of the River Crouch where the rest of the observations were made. The Blackwater is probably not a more suitable river for Elminius than the Crouch, yet the records for 1946 in the Blackwater indicated a heavier spatfall than those for 1947 in the Crouch. This suggests that the severe winter of 1946-47 had an adverse effect. The lack of correspondence between the settlement on continuously submerged panels on a raft and on plates exposed between the tide-marks, especially between 1949 and 1950, is difficult to account for. The intertidal exposures probably give the best comparisons year by year, as they were made at the same place and in the vicinity of previously settled individuals, which are known to encourage settlement (Knight-Jones & Stevenson, 1950; Knight-Jones & Crisp, 1953; Knight-Jones, 1953) . The settlement on plates exposed on the raft may have varied with its location in the tideway (it was shifted slightly from time to time) and with the amount of settlement already on it. Indeed, the spatfall in different parts of the river may show considerable variation, as demonstrated by Knight-Jones (1952) . His observations from 1947-49 are given in Table 2B . They have been modified from the form given in his paper to make them directly comparable with those of Table 2A . Creeksea and Bush shore, about a mile, respectively, to the east and west of Burnham received the heaviest settlement indicating that this area, which is close to that on which Table 2A is based, represents the most heavily infested part of this river. It is interesting also to note from Knight-Jones's data that the proportionate increases in number settling, between 1947 and 1949, were greater in the upper parts of the river (e.g. Fambridge and Shop laying), where settlements were small, than in the more heavily infested part of the river nearer to its mouth. This suggests that the original colonies were probably located near the mouth, and that the species spread upstream, to- Hastings, Bexhill, Eastbourne, Brighton and Bognor during 1947-48 and between 1953-54 . In sheltered areas, particularly those with wood and stone substrata, Elminius was everywhere abundant, but on more exposed parts of the coast, especially on wave-cut chalk reefs, such as those near Beachy Head and Seaford, Elminius was present only in scattered groups and was less common than Balanus balanoides.
Elminius has spread northward along the east coast during the past 10 years, as shown in Fig. 2 . In 1947 it was fairly common as far north as Lowestoft, with isolated individuals recorded on the shores of the Wash at Brancaster, Hunstanton and Skegness. During 1948 and 1949 extensive settlements occurred in the Wash, so that by the end of 1949 Elminius had become the dominant intertidal species. The rivers entering the Wash were also heavily infested. In 1950 Elminius was abundant at such places as Kings Lynn, Holbeach and Fosdyke. It continued to spread northward. In 1948 isolated individuals were already present on piles at the extreme end of the pier at Cleethorpes, though none were to be found on the foreshore at Mablethorpe and Sutton-on-Sea. In 1950-51 Elminius became common along the whole of the Lincolnshire coast, as far as the entrance to the Humber at Cleethorpes. A single individual was found at Hornsea in 1953, but a further search in 1955 failed to reveal any Elminius on the Holderness coast, save within the Humber itself, a small number having been found at Paull and Kingston-upon-Hull. The only record of Elminius north of Hornsea is of one individual on a mussel shell from Blythe (Bull, 1950) . This was evidently only a transient settlement, since it has not been followed by any general invasion of the area.
The advance of Elminius has therefore been halted abruptly at the mouth of the Humber. Three possible factors may be put forward to account for the failure of the species to spread further. (i) The residual currents flow southward off the Holderness coast, thus opposing the dispersal of larvae northward (Tait, 1938; Edgell, 1943 
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489 the pollution of the estuary. Elminius has not set up a dense population there, as it did in the Wash, and so may not be able to produce enough larvae to bridge the unfavourable Holderness coast.
It should be mentioned that many parts of the Yorkshire coast north of the Humber, particularly such places as Bridlington and Whitby, appear intrinsically suitable for Elminius, though sea-water temperatures north of the Humber are low, not usually exceeding 13-14°C in summer, and therefore unfavourable for rapid breeding.
SOUTH-WEST ENGLAND
In 1946 Elminius was common all along the south coast as far west as Poole Harbour. It was then rather rare at Swanage, and absent from the greater part of the Dorset coast, except for a possible centre discovered in 1947 at Weymouth (Fig. 3) Beyond the River Exe, Elminius is for the greater part confined to estuaries and drowned valleys, and absent from the open coast. Its first appearance in the area was at Plymouth in 1946. The following year an entirely separate colony was reported from the Helford River (Knight- Jones, 1948) , and scattered individuals were found in Torbay late in 1947. It has since appeared in all the estuaries that have been examined between Helford and the Exe, but as it has not settled on the open coast, save as scattered individuals, it has spread somewhat erratically from one river estuary to another. For example, it became common to the west of Plymouth, in the rivers Fowey and the Looe in 1949, and to the east, in the Yealm (1948), Erme, Avon, Salcombe and Dart (1949) . The Teign and Exe estuaries were colonized later, in 1949-50 and 1951, respectively. It therefore seems likely that Plymouth was the original centre of this dispersal, since the species appeared there as early as 1946 and achieved, by 1950, an average density of from 0'5-2'0 individuals per square centimetre on rocks and piles below mid-tide level in the rivers Plym and Tamar. Its .colonization of these rivers may have been made easier by the widespread reduction in numbers of Balanus balanoides whose niche it has apparently filled (Southward & Crisp, 1952 , 1954 .
A significant feature of the spread into all the above rivers has been that the denser populations appeared first, and continued to increase, some distance upstream of the mouth. Gweek and Porth Navas in the Helford River and Greenway and Galmpton on the River Dart are good examples of sites where these early colonies developed, as shown in Fig. 4 The colonization of the Bristol Channel probably commenced at about the same time as that of Plymouth Sound. It arose as an independent population separated from those farther south by the unfavourably exposed coast of north Cornwall, which remains still for the greater part free of EZminius (Fig. 1) . The earliest records were in two distinct areas. A strong but very local colony was found late in 1947 in Milford Haven, and isolated specimens were found in the same year on both the north and south banks of the upper reaches of the Channel (Fig. 5 ) (Bassindale, 1947; Purchon, 1947 The colonization of the Irish Sea has afforded an opportunity for more critical investigation, since only a year or two elapsed between the introduction of EZminius and its limits being fully surveyed. EZminius was first observed in the Irish Sea in 1950, when individuals measuring up to 1 cm in diameter were found on the Lancashire coast. These must have settled at least as early as the middle of 1949. The whole of this coast south of Fleetwood had been searched by Dr P. N. J. Chipperfield in 1948, and he failed to record a single individual.
This suggests that the settlements observed in 1950 dated from late 1948, and that the initial centre was in the Morecambe Bay area. Fig. 6 shows in detail how the population spread from Morecambe Bay. Its advance southward along the Fylde was rapid, and was continued westwards, along the North Wales coast, at a rate of some 30 km each year. Its advance northward along the Cumberland coast was less rapid until it reached the Solway, whence it appears to be spreading westwards more rapidly. No doubt the extensive sands of the Fylde were beneficial in producing summer temperatures higher o None found than those of the Cumberland coast, apart from the Solway. Perhaps more important, however, was the influence of residual drifts which are believed to flow southward along much of the Cumberland and Lancashire coasts and westwards along the Galloway and North Wales coast (Williamson, 1956 ). 
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Elminius has not advanced uniformly. Its advance has shown different patterns under differing hydrographical conditions. Along the north coast of Wales, from Rhyl to Bangor, the advancing population formed at any point of time a clearly marked front extending along a short stretch of the shore. Within a distance of about 20 km the density of the population fell from more than •.. one individual per square centimetre to only a few per square metre. Fig. 7 , based on counts made on areas colonized by Elminius, shows how this front spread along the shore year by year. The proportion of young individuals was greater at the advancing edge of the front, particularly during August and September, when the spatfall often covered the greater part of areas left bare by other species during the summer. Thus, it was quite usual to find that where Elminius was present only as scattered adult individuals in one year, it formed a complete cover on all bare areas during the following season. For example, early in 1951 none could be found on the pier or elsewhere at Colwyn Bay, but by the end ofthe season the pier surfaces had acquired a density of O'04/cm2 of adult EZminius surrounded by spat which grew to maturity the following spring and reached a density of O'3/cm2 in July 1952.
The spread of EZminius round Anglesey to the Lleyn peninsula (Caernarvonshire) followed a different pattern. The well-marked front disappeared beyond Moelfre along the north coast of Anglesey and beyond Menai Bridge in the Menai Straits (Fig. 7) . New centres appeared almost simultaneously and independently in bays and harbours along the north and west coasts of Anglesey and the Lleyn Peninsula. These centres consisted of small and very local patches of EZminius usually of density O·I-I·o/cm2• The largest area infested was Holyhead Harbour, where a small number of EZminius had been recorded previously, but had shown no marked increase hitherto. The coast between these centres carried for the most part only isolated individuals, their density varying inversely with exposure to wave action.
The coastline to the west of Bangor differs from that to the east in three main respects. First, it is less shelving, and so the waves break directly on the rocks, the wave-crash being particularly severe on the 'north-west of Anglesey. Secondly, the tidal currents which flow through the Menai Straits and round the north coast of Anglesey are stronger than those which affect the coasts lying to the east of Bangor. Lastly, there are more extensive stretches of sand and gravel to the east of Bangor, and these shores, with the possible exception of the Orme, suffer more scour in consequence and have little algal cover. By contrast the north and west of Anglesey, the.Menai Straits, and the Lleyn Peninsula have an exceptionally rich algal flora.
All three factors probably influence the spread of EZminius. The greater exposure to wave action and the denser algal cover restrict favourable habitats to silty bays and harbours. The greater tidal flow disperses the larvae more widely, and therefore more sparsely. Hence, localized populations spring up in suitable places over a wide area.
Since 1953 isolated individuals have been found from time to time on the north coast of Cardigan Bay. In 1955 this coast was carefully examined and the only incidence of the species in significant numbers was found at Pwllheli. It was present on stones in the harbour at a density of twenty to fifty individuals per square metre, some of them breeding. Some local fishing boats laid up on the beach had acquired a settlement of about the same density. It is not clear, therefore, whether these vessels introduced EZminius, or whether it has spread through Bardsey Sound by natural means.
By the end of 1955 the spread of EZminius westwards from the Solway along the south coast of Scotland had reached the Isle of Whithorn, and a single individual was found at Drummore near the Mull of Galloway. A small settlement which must almost certainly be regarded as a separate population has persisted at Stranraer since 1950 (Crisp & Molesworth, 1950) . In 1953 and 1955 Elminius was confined to the same part of Stranraer harbour; its numbers had dwindled, and nearly all the specimens were old ones with corroded shells. Subsequently, it was discovered that a ship-breaking yard which previously existed on the east bank of Loch Ryan had been out of operation since 1949. Possibly ships awaiting breaking up had liberated larvae, giving an initial settlement in the Loch, but these were never in sufficient density to give rise to an expanding population. A more recent report of a single specimen of Elminius from the Clyde (Connell, 1955) has not been followed by further reports of its presence in that area. Occasional individuals are fQund not infrequently some 50 or 60 miles from the main stocks. Whether they are carried there by ships or by exceptionally favourable eddies is not certain.
An isolated record of two individuals was made by Dr Southward at Ramsey , in the Isle of Man early in 1952, but no further specimens were found there in 1953. However, by 1955 a centre of dispersal had clearly been established at Ramsey and was spreading southward; moreover, some of the individuals were probably at least a year old. Ramsey is the most northerly point in the Isle of Man where suitable conditions exist for Elminius. Its arrival there, approximately 1 year after it had colonized the Solway, and simultaneously with its appearance at Whitehorn and Drummore, suggests that it had been carried by natural means across a sea barrier of some 25-30 miles. Crisp & Southward (1953) believed that this distance was near the critical limit for the spread of this species by normal water movements adjacent to a shoreline. At that time it was separated by a distance slightly exceeding 30 miles, and the numbers oflarvae arriving at Ramsey were apparently not sufficient to start a colony.
INVASION OF THE MAINLAND OF EUROPE
Apart from records off the Dutch coast (den Hartog, 1953) the information regarding the colonization of the coasts of Europe remains scanty, and is insufficient for definite conclusions to be drawn. ' The first record for the mainland of Europe was from the Kijkduin district in south Holland (Meulen, 1946) . Its presence was subsequently reported by Boschma (1948) . It has generally been assumed that the species was carried by ship from Britain and made its first appearance in the region of the Hook of Holland. It spread steadily northwards, reaching the southern end of the Zuider Zee by 1950, and the northernmost Friesian islands by 1951 (den Hartog, 1953) . It was present in Cuxhaven in 1953 (Kiihl, 1954 . This migration, well documented by den Hartog, covered a distance of only 20-30 km in the first 2 years, but thereafter advanced probably at a steadily increasing rate of some 50-70 km a year, to reach Cuxhaven by 1953. The very rapid spread through north Holland and Germany is probably attributable to the residual current flowing through the Straits of Dover and turning eastwards past the Friesian archipelago and the north German coast (Carruthers, 1930) .
According to den Hartog (1953) Elminius spread even more rapidly from the Hook of Holland southwards across Belgium and France. In a subsequent publication (1956) den Hartog realized that the occurrence of Elminius in France was too widespread to be considered as having originated from Holland, and suggested that ships had carried the species to Normandy from England during the invasion of Europe. Bishop (1954) and Bishop & Crisp (1958) have described in detail the distribution of Elminius in France in 1953-54. They show that there were at least two distinct population centres, one in Brittany, and another, extending eastwards from the north coast of Cotentin, continuous with the Dutch population. In a more detailed consideration of the factors involved in dissemination, notably the influence of the residual current, Bishop & Crisp (1958) have arrived at the conclusion that the two French populations were established independently, and that the eastern population centre probably merged with the Dutch population on the Belgian coast approximately in 1949-50 (see Leloup & Lefevre, 1952) . A further centre has now developed in South Brittany between Concarneau and Lorient (Crisp, 1958) , and another was discovered in 1955, at a great distance from all existing stocks, in north-west Spain (Fischer-Piette & Prenant, 1956) .
MEANS OF DISSEMINATION
A species invading new territory may follow either of two possible courses. It may spread only at the boundary of the existing population, by natural processes of dispersal, or it may be carried a long distance by means of a vector and so establish a new centre of dissemination. It will be useful to refer to'the former as marginal dispersal, and the latter as remote dispersal.
Elminius has clearly spread by both means. We shall therefore consider the limitations governing the two processes.
MARGINAL DISPERSAL
The process of marginal dispersal demands ideally a suitable coastline with closely spaced objects such as piers, breakwaters, and boulders available for settlement. Most of the north coast of Wales, between the Dee and Anglesey, fulfils these conditions. Fig. 7 shows the population density at various times, based on sample counts on various substrata. The vertical axis is given for convenience on a logarithmic scale. It can be seen that at any given time, the population density falls with increasing distance from the main stocks, sharply at first, then less steeply, and finally asymptotically to the horizontal axis. This pattern of distribution at the population boundary would be anticipated if dispersal were a random process, whether the population were a stable or an expanding one. Because the population extends at ever-decreasing density beyond the obvious boundary, occasional records may be made at considerable distances, perhaps 40 or 50 miles in some instances, from the main population centre. Indeed over these wide areas where the animal is scarce records will depend as much on the diligence of the observer as on the density of the species. For this reason the practice of defining the boundary of a species as the point most remote from the main population at which an individual has been found is unsatisfactory. An objectively and accurately defined boundary can only be set by means of distribution contours (isopleths) such as those shown in Fig. 7 . Any isopleth may be chosen, but the position of the boundary is determined most accurately where the isopleths are closest together and where the abundance of the species is sufficient to allow counts to be made. In Fig. 7 the choice is clearly between a density of 0'1 and 0,00I/cm2• When measuring the rate of dispersal year by year the same isopleth must obviously be used for comparison. Due to irregularities in the distribution and in the environment, its position will not always be as clearly defined as in Fig. 7 ; nevertheless an estimate of the position of the isopleth should be made. Table 3 summarizes existing information on the rate of progress of EZminius by marginal dispersal. The British records are based on the movement of the point of density 0'I/cm2 on substrata favourable to the species. The table records only the results from areas where the limits were made certain from time to time by searches up to and beyond those parts of the coast known to have been invaded. The rate of advance along different coasts, when taken over a number of years, is usually of the order of 20-30 km per year. The exceptions are confined to coasts influenced by strong residual currents. For example, the eastward drift along the Dutch and German coast accelerated the spread considerably; the southerly drift along the north-east coast of England appears to have arrested it altogether. With a strong and favourable drift, the relatively small numbers of larvae produced at first by an initial colony may be spread out so . thinly and to such great distances that they escape unnoticed. As the population increases in density and in extent the larval output may become sufficient to supply the current with enough larvae to prevent their being unduly dispersed. An increasing rate of advance would then accompany the expansion of the initial population, as occurred off the Dutch coast.
REMOTE DISPERSAL
.
During marginal dispersal a fresh area is colonized from a large well-stocked area nearby, and becomes in turn a source oflarvae for further dispersal. The supply of larvae is therefore practically unlimited; the chief factor limiting the spread of the species is the distance which, on average, a larva will be carried during its planktonic life. In remote dispersal, however, the number of larvae introduced is limited. Even under the best conditions, as, for example, when an old hull covered in barnacles is laid up, the actual numbers oflarvae set free must be very small compared with those which would be produced on a neighbouring well-stocked shoreline. The small number of larvae available in a given area is therefore a feature which in practice distinguishes remote from marginal dispersal. These few introduced larvae become dispersed by water movement, which will vary in magnitude with the topography, currents, tides and winds prevailing. Enclosed waters, especially long narrow estuaries carrying little freshwater drainage, will disperse the larvae less than open coasts with unrestricted lateral movement of the water by tides and winds. Thus, the introduction of the same number of EZminius into an area where the water exchange and dispersal is small will result in a more local and therefore denser spatfall. The tidal range is also of importance in controlling the amount of mixing of enclosed
water with the open sea (Bishop & Crisp, 1958) and so the ultimate density attained by an introduced population. This density of the initial population is of critical importance as the following experiments indicate. E. modestus spat were artificially isolated at various distances from their neighbours, and allowed to mature in an area almost free of the species (Brixham Harbour, 1949) . Individuals within only 3 cm of each other were fertilized at the normal rate, but those spaced out at a distance greater than 4 cm never became fertilized (Table 4 ). The distance of 3-5 cm is equal to that of the fully extended penis. There is a tendency for the larger size groups with correspondingly longer penes to fertilize over a greater distance. The experiments indicate that cross-fertilization is obligatory in this species (cf. Crisp, 1954; Barnes & Crisp, 1956) by a distance exceeding 5 cm will not produce any offspring. Observations in the field confirm this view (Table 4 , columns 6, 7). Unless, therefore, the introduced cyprids, or those produced in the lifetime of the introduced individuals, can settle at such a density that a sufficient number of them are within 5 cm of each other, the colony will never establish itself. One may call this the 'critical breeding density'. If settlement were at random, and the conditions for maintaining the colony required that, say, 10 % of the population reproduced, then, for this proportion to settle within 5 cm of each other, the critical breeding density would have to be somewhat in excess of ten per square metre. Owing to the gregarious tendency shown during settlement, a greater proportion will be in close proximity than would otherwise be expected, and this will improve the chance of successful colonization (Knight-Jones & Stephenson, 1950) . Nevertheless, it is clear that the odds against an introduction must usually be very great. Success can only be achieved when large numbers are introduced into enclosed waters having little exchange with the open sea. Dock areas, small harbours, and narrow estuaries with piston-like tidal movement are likely places for an introduction. Old ships brought from infected areas and laid up for some time or quantities of shellfish bearing spat would be the most likely sources of a successful introduction, since the Elminius thereby carried to the area will remain long enough to release successive broods of larvae (Crisp & Davies, 1955) . Ships spending only a few days in the area are less likely to cause an introduction, for the actual numbers oflarvae shed in so limited a time will be relatively small. Seaplane hulls and floats, though they occasionally become fouled by weed and are oft~n treated with anti-fouling paint, rarely carry mature barnacles, and do not generally stay in one area for a long time.
There is no evidence that barnacles usually suffer harm when carried on ships, unless they have visited fresh or polluted water. On the contrary, the steady water movement provided by the slower classes of shipping is probably beneficial. Large gravid individuals can often be found on such vessels, indicating that growth has been rapid and breeding normal. Large ships from Australian waters also arrive from time to time fouled with E. modestus. Even when the species is absent outside the vessel, it is common to find it in the condenser boxes and ducts, in company with Balanus amphitrite and Bugula neritina, two other immigrant species to British waters.
BARRIERS RESTRICTING DISSEMINATION
We shall next consider the situation where parts of a coastline suitable for maintaining a population are separated by an unfavourable area. This barrier may be a rocky exposed section of the coast, or part of the open sea too deep for Elminius. Let us suppose one favourable area is already populated by the species but not the other. Fig. 8 illustrates this system qualitatively. The barrier is assumed to commence sharply at the termination of the existing population. The curve A shows the most probable form of the relation between the density of cypris larvae and the distance from the existing population from which they have been dispersed by water movements for the duration of their planktonic life. The situation is one which can be represented in its essentials by the equations of diffusion (cf. Skellam, 1955) in which the eddy diffusivity is responsible for random dispersal. It will be seen that at increasing distances from the parent stocks the density of larvae falls asymptotically to zero, as in the case of marginal dispersal (cf. p. 498 and Fig. 7 ). Since these larvae are ready to settle the potential settlement is represented also by the curve A. The maximum distance from the existing stocks, over which colonization is likely to occur, will clearly be determined by the distance at which the curve of potential settlement intersects the critical breeding density. This point is shown in the figure at A'. Fig. 8 also shows how the critical distance for colonization is influenced by the fecundity of the species K, the existing population density (), and the degree of water movement represented by the eddy diffusivity 1> (Sverdrup, Johnson & Fleming, 1942 ). An increase in K (or B) will not affect the shape of the curve A, but will increase the larval density proportionately throughout as shown by curve B. The effect of increasing the degree of water movement (1) Increasing the size or fecundity of the population will produce curve B, while increasing eddy diffusivity will modify curve A to curve C. The distance over which probable colonization may occur will be given by the intersection of curves A, Band C with the critical population level at which successful breeding can take place, that is at A', B' and C'.
clearly demarcated line beyond which colonization cannot occur under any circumstances. Owing to the assumptions involving probability in the above analysis, the effect of increasing the distance from the parent stocks is to diminish steadily the probability that a colony will be established. The critical colonizing distance is therefore definite only in relation to a given level of probability, and in the course of sufficient time increasing distances may eventually be bridged. It is rare to find a stretch of coast of any great distance wholly unsuitable or devoid of any substrata on which the species can settle. Probably the open sea is the most effective barrier, though even in the sea, fixed buoys may sometimes be present and provide regular oases. From the observations made in the northern Irish Sea area, it appears that the Isle of Man was colonized from a distance of some 20-25 miles away, but remained outside the critical range when the nearest EZminius were about 30 miles distant. This puts the critical distance for colonization in the order of 30 miles. Ireland, which is more than this distance from the coasts of England and Wales, had not been colonized by 1953, though a recent record shows that it has appeared in the south-west (Beard, 1957) . The Channel Islands, separated by some 30 miles from infected parts of the French coast, are also reported to be free from EZminius. A more direct estimate of the critical colonizing distance may be made from an examination of Fig. 7 . Since the settlement taking place in any season is derived in the main from the stocks which existed the preceding year, we may take the curve for, say, December 1951 as the density of parent stocks, and that for December 1952 as an estimate of the density of the spatfall derived from them during 1952. Putting the critical breeding density at two per square metre (this allows for gregariousness), and assuming the boundary of the population was at the isopleth 0·lfcm2 in December 1951, the critical distance for colonization appears to be 29-30 miles, in good agreement with the above. There seem to be few estimates, relating to other species, with which this figure can be compared. Johnson (1939) , however, found that the first-stage larvae of the intertidal crab Emerita, which were in the plankton for 3 weeks, were found only within 20-30 miles of the shore, while the last stage, with a planktonic life of 4 months, was carried some 150 miles out from the Californian coast.
Since EZminius probably exists for 2 or 3 weeks in the plankton the eddy diffusivity appears to be of the same order of magnitude.
Probably the only extensive stretches of the British coast which are entirely devoid of substrata on which barnacles can settle are Chesil Bank, stretching from Portland to West Bay, and the Holderness coast of Yorkshire. There are, however, other places where EZminius has been temporarily or permanently halted; these are tabulated in Table 5 . To what should the halt be attributed in these places?
Obviously the greater the proportion of unfavourable coastline, the smaller will be the numbers of larvae released and scattered along it, and the more likely will these larvae settle in unsuitable places or fail to reach the critical breeding density. Much of the Devon and Cornish coast is rugged and exposed, with few sheltered inlets. These conditions will diminish the rate of spreading of the species, for the majority of larvae produced will be wasted in unsuitable places. Another type of wastage may be important in such an environment, namely, the wastage oflarvae offshore. Thorson (1950) draws attention to the calamitous wastage of larvae of littoral species from coasts where the prevailing winds and drifts are away from the land. Similar losses may occur at headlands which cause an offshore set of the current over a large part of the The conditions on rocky coasts will in general be such that marginal dispersal can scarcely operate, or will do so only slowly. Larvae from sparse and scattered populations will be dispersed over a wide area, many being lost out to sea. Thus there will be a few larvae everywhere, but probably in most places not in sufficient density to breed. A few larvae liberated from craft lying up in a small creek or from the few individuals settled close enough together to breed, may add sufficiently to those being dispersed from outside to pass the critical breeding density. The area would then eventually become populated. Thus, where EZminius has spread from one harbour to the next, without appearing on the neighbouring exposed parts of the coast, as in south Devon, the Bristol Channel and west Caernarvonshire, it is possible that both marginal and remote means of dispersal have played a part. Where the distance traversed in one leap greatly exceeds 30 miles, however, it is reasonable to assume that the species has not spread naturally but has been carried by a vector.
PROBABLE HISTORY OF DISPERSAL
When first discovered in 1946 the species was already widespread in southern England. The two most likely areas for its original introduction from Australasian shipping would therefore be Southampton Water and the Thames estuary. Both are areas very favourable to EZminius, having high summer temperatures, and now support abundant populations. Of these two, Southampton is more likely to have been the original centre on the following grounds. First, Southampton Water is very enclosed, and because of the small tidal range it exchanges water only slowly with the sea outside. Secondly, there is little freshwater flow and less pollution there than in the Thames estuary. Thirdly, in the Thames all the docks are in areas too fresh or too polluted for survival of EZminius larvae, except possibly at Tilbury. In Southampton Water vessels are docked in sea water suitable for larval development. Lastly, though there are no continuous records for the Southampton area, we know that EZminius was still increasing in density in the Essex rivers from 1946-50. No more than a guess c~n be made as to the time of arrival. The rate of spreading along comparable coasts of shingle and sand, such as north Holland, eastern England, and Liverpool Bay, lies between 52 km/year (with a favourable drift) and 30 km/year. There exists a general eastwards drift through the whole of the English Channel and Straits of Dover (Carruthers, 1930) and this probably extends to the shoreline as evidenced by the direction and movement of shingle bars by predominant wind and waves (Steers, 1946) . A small contrary coastal eddy is shown by Edgell (1943) in Pevensey Bay. A rapid advance eastwards could therefore be assumed after the necessary time for establishment in Southampton Water. The many coastal defences in the area would also have assisted in providing substrata. Taking 50 km/year as a probable rate, then an introduction in would have reached the Thames estuary in 1945, and if the rate coqtinued up the east coast it could have just reached Lowestoft by 1947. This timetable, however, appears only just adequate, and taking other factors into account an introduction by remote dispersal into the Thames estuary area probably in 1943 or 1944 seems more probable. In 1947 the species was more abundant in the area between the Thames and Harwich than on the Thanet coast, suggesting that the latter area was colonized after a population had been established in the Thames estuary. Furthermore, the Dutch coast was probably invaded as a result of remote dispersal between East Anglia and the Hook of Holland in 1946 (Bishop & Crisp, 1958) . It is necessary, therefore, to assume that EZminius had been established in the Harwich area prior to 1946. Since the rate of advance northward from the Thames would not be accelerated by residual drifts, but on the contrary retarded since the strongest winds are from the north-east, it is not easy to account for the spread of Elminius to Harwich by 1945, unless it was already established in the Thames by 1943 or 1944. Making this assumption, the probable history may be summarized as follows.
Shipping conditions were exceptional at the outbreak of war in 1939. As convoys assembled, large numbers of vessels were anchored just offshore. This may have allowed the barnacles on Australasian shipping time to liberate sufficient numbers oflarvae to colonize Southampton Water. The large concentration of shipping which then occurred might have given Elminius a unique opportunity. The following summer (1940) was a warm one, and would have assisted in building up stocks above the critical level for maintaining a population; from Southampton Elminius spread rapidly eastwards aided by the residual drift, and more slowly westwards. In about 1943 or 1944 a new centre was established in the Thames estuary, probably by remote dispersal, and the East Anglian and Thanet coasts were colonized from this centre.
The westward extension along the coast from Southampton was halted at Portland, and no further westward spread has taken root in Lyme Bay. Several distant centres, however, were set up to the west of Southampton, between 1944 and 1946, presumably by remote dispersal. These were in the Helford River (1946 or earlier), Plymouth Sound (1946 ), Milford Haven (1947 , and possibly in another place further up the Bristol Channel. These two centres in South Wales may have arisen simultaneously, though independently. The centre in Milford Haven has remained isolated up to the present time by exposed headlands, while Elminius has steadily colonized the remainder of the coasts north and south of the Bristol Channel. Perhaps, however, the original breeding stocks were present in Milford Haven, and larvae were carried by the prevailing surface drift to coasts higher up the Channel.
A major centre was next set up in Morecambe Bay in 1948, f~om which the coasts of North Wales, Lancashire, Cumberland and Galloway have now been populated. Small centres, probably arising by remote dispersal, have been set up in St Ives Bay (1951-54) and Tremadoc Bay (1953-54) .
On the continental coast there appear to have been four, possibly five, main centres. The invasion of the coast of Holland began near the Hook of Holland about 1946. For reasons given elsewhere, another centre was probably established in the estuary of the Seine soon after the invasion of Normandy in 1944 (Bishop & Crisp, 1958) . A third centre in the Brest area has been described by Bishop from which other areas in south Brittany have been colonized in a manner similar to that of the invasion of the coasts of south Devon (Crisp, 1958) . Judging from the rather slow establishment on rocky coasts of this type, the centre in the Rade de Brest was probably established at least 3 or 4 years earlier than the date (1953) The dates in which these centres have probably been established are shown in Fig. 9 .There can be seen to be some regularity in the order of their appearance, for the new centres have not sprung up at random. They seem to have arisen more readily in the vicinity of old ones than at great distances from them. Such is perhaps to be expected, since harbours are usually visited more frequently by craft from neighbouring localities than by craft from any other' particular area. Local craft are also more likely to be allowed to accumulate fouling than are those which travel greater distances, and their shallower draught is more suitable for the settlement of an intertidal species. Larvae will thus be liberated continually into harbours once a neighbouring area is infected, to add to the numbers borne by water currents. It is therefore not easy to differentiate between remote and marginal dispersal in areas where suitable harbours are scattered and many local fishing vessels are operating.
ECOLOGICAL EFFECTS OF THE INTRODUCTION OF ELMINIUS
The introduction of a new species is bound to influence the balance existing between endemic species. A species occupying as dominant a place in its environment as Elminius may bring about profound changes. The main differences between Elminius and native barnacles are summarized in Table 6 .
Elminius competes for space mainly with Balanus balanoides, which is the only indigenous intertidal barnacle on those parts of the British coast where Elminius thrives best, notably in south-eastern England. To a lesser extent it competes with Balanus improvisus and B. crenatus at low-water mark. Elminius ranges over a greater part of the intertidal zone than does Balanus balanoides, for small numbers grow at levels slightly above the highest B. balanoides, and it penetrates into the sublittoral, some 5 m below L.W.S. It is usually less common in the sublittoral, however, than B. improvisus and B. crenatus.
When Elminius first appears, the zone in which it settles is usually occupied by adults and spat of Balanus balanoides. Except in very muddy or brackish places, B. balanoides, which settles 2 months earlier than Elminius, initially covers the greater part of the available settling space, so that Elminius is often found attached to the upper parts of the shells of Balanus balanoides or even to the valves. As the spat of Elminius become more numerous they often form circlets of small grey barnacles round the apertures of large specimens of Balanus. Some Elminius settle regularly above the Balanus balanoides zone, almost as high as Chthamalus would be found if it were present. EUROPE Estimated critical distance o Fig. 9 . Illustration of the probable order in which centres of dissemination of Elminius were established. Major centres responsible for the colonization of large areas of coast are shown by large dense circles. More localized centres also set up by remote dispersal are shown by large open circles. Subsidiary centres probably reached by marginal dispersal by small circles. Arrows show direction of marginal dispersal, dotted lines the probable routes of remote dispersal. Inset: north-west Spain I, Southampton Water, ? 1940-43; 2, Thames estuary, ? 1943 -44 [2a, the Wash, 1948 3, Helford River, ? 1944-46; 4, Plymouth Sound, 1946 [4a, River Dart, 1948 4b, Sa1combe, 1948; 4c, River Exe, 1951]; 5, South Holland, 1946; 6, Seine estuary, ? 1944-49; 7, Bristol Channel, 1946-47; [7a, Llanelly Bay, 1949; 7b, Swansea Bay, 1949]; 8, Milford Haven, 1947; 9, Morecambe Bay, 1948 [9a, Solway firth, 1953 1944-52; 12, north-west Spain, ? 1950-53 [12a, Noya,? year]; 13, St Ives Bay, 1951-54; 14, Tremadoc Bay, 1953-54; 15, south Brittany, 1954-57; 16, Ile d'Ouessant 1956. 33-2 The extremely high intensity of settlement and the long breeding season allow Elminius to occupy any spaces left bare by Balanus balanoides. Sometimes in southern England over 100 spat only a few days old have been found per square centimetre of available surface. Elminius forms such a dense cover that spaces left by dead individuals, even in winter, are soon filled by the rapid growth of surrounding members of the species. It therefore becomes increasingly difficult for the cyprids of Balanus balanoides to find settling space, ca. 9 ca. 10 ca. 7 ca. 6 (Southward, 1955 (Southward, b, 1957 and they become displaced gradually by Elminius until only a small population remains. However, since Balanus balanoides is a larger species than Elminius, and continues to grow in height, these remaining individuals stand out further from the substratum and can fish a layer of water beyond the reach of the cirri of Elminius. They grow to a large size, measuring between 2 and 3 cm in diameter, and are particularly prominent on piers and jetties where the water is continually being renewed. Being no longer in such severe competition with their own species they are individually large, healthy and successful.
The process of replacement of the Balanus population by Elminius is relatively slow; for example, at Hunstanton, Elminius was introduced late in 1947, and present in small numbers chiefly on the parieties of Balanus on the pier piles in 1948. By 1949 it was abundant, and smothered all existing individuals of Balanus, though the latter were still present to a density of 2-3/cm2. In 1952 some reduction in B. balanoides was noticeable, and those remaining were no longer close packed and columnar, but were in the main isolated, their density being about 0·7/cm2. They were rather larger than hitherto. By 1955 the density of B. balanoides had fallen further to about 0'15/cm2, most of these being between 2 and 3 cm across the base, and about 1'5-2 cm in height.
In the less saline parts of an estuary and below low-water mark, Elminius may replace Balanus improvisus. There was a reduction in the numbers of B. improvisus settling on experimental panels between 1946 and 1950 in the River Crouch, and, judging from plankton samples taken in 1938 in the Thames, a reduction has taken place in the numbers of B. improvisus larvae in the plankton. It will be especially interesting to observe this interaction if Elminius spreads to the Baltic, where Balanus improvisus is the dominant species. The competition between Elminius and Balanus crenatus is probably less important as there is less overlap in their habitats. They are found together only at lowwater mark where the salinity is fairly high.
The effect of the introduction of Elminius is negligible on rocky exposed shores of the west and south-west, where the dominant intertidal barnacle is Chthamalus stellatus. Nevertheless, in sheltered inlets and estuaries of these coasts Elminius is of importance. In the Plymouth estuaries Elminius had in 1950 largely occupied the situations from which Balanus balanoides had disappeared during its decline (Southward & Crisp, 1954) . Though B. balanoides has begun to return to the outer parts of this coast it has not re-established itself in the estuarine regions where Elminius remains dominant (Southward & Crisp, 1956) . Its effect on the indigenous fauna within these estuaries has therefore been mainly at the expense of Balanus balanoides as on the coasts of south-east England. In many of the estuaries in the south-west where B. balanoides is not very common, Chthamalus and Elminius are found together, Chthamalus being able to penetrate up the estuary beyond the seaward limit of
Elminius.
Elminius is microphagous and behaves like other barnacles (Southward, 1955a) utilizing a wide range of particle sizes and taking in both animal and plant material. It grows rapidly, sometimes reaching maturity (diam. 6-7 mm) in 8 weeks. The cirral beat at temperatures from 15-25°C is faster than that of indigenous species (Table 6) . It continues to feed vigorously after maturity, and produces broods of nauplii at regular intervals (Crisp & Davies, 1955) . Under optimum conditions broods may be liberated every 10 days, each brood containing about the same amount of living matter as is present in the soft parts of the parent. A dense population of Elminius therefore removes during summer a great bulk of suspended food and transforms it into larvae. These larvae are extremely abundant, often forming the dominant component of the plankton in May, June and July, in estuaries of south-east England. The nauplii probably feed mainly on particles less than lOlL in size, as the diameter of the oesophagus is of 'this magnitude.
The replacement of a large proportion of the previously existing population of Balanus balanoides by Elminius may therefore have a considerable influence on other members of the marine fauna, for Balanus balanoides, unlike B. improvisus, is by no means the ecological equivalent of Elminius.
While both species as adults feed and so remove suspended food particles during summer, Elminius, judging from its rate of cirral beat (Southward, 1955 b) , is probably more efficient than Balanus balanoides at the highest temperatures. Hence, more food may be diverted to barnacle growth and so made unavailable to other microphagous forms. But by far the more important difference is that whereas B. balanoides accumulates reserves for winter breeding, Elminius rapidly converts the food into nauplii which enter the plankton during summer. Moreover, the large number of Elminius cyprids which develop and settle (see above) is a clear indication of the success of Elminius nauplii in obtaining the necessary food in the face of competition by other larvae having a similar diet. Consequently, there has been a great increase in the total number of summer nauplii, following the introduction of Elminius which must adversely affect the growth of the planktonic larvae of other animals which breed in summer, such as Balanus improvisus, Polydora ciliata, Littorina littorea, Crepidula fornicata and Ostrea edulis. Ostrea is harmed also in the early stages of growth as spat by competing for space with Elminius (KnightJones, 1948) . Little is known of the relative ease with which different barnacles may be browsed by predators such as Nucella lapillus or Asterias rubens. The more delicate and fragile shell of Elminius might make it more readily devoured than indigenous species, and so allow these predators to be more successful.
Elminius tolerates the presence of silt and pollution probably better than any other species of British barnacle, with the possible exception of Balanus improvisus and in warmer situations B. amphitrite. In dirty harbours and muddy rivers within the intertidal zone it may have few or no competitors. On the other hand, on clean and especially on wave-beaten shores, Elminius has not displaced either Balanus balanoides or Chthamalus stellatus, and is indeed often very sparse on these habitats. Mechanical explanations at first suggest themselves, for the species is more fragile and might suffer more from wave crash or pebble pounding. Perhaps, it might be supposed, limpets, which are rare or absent from the usual haunts of Elminius, destroy any settlement on exposed shores. But these explanations are not entirely satisfactory. Exposed rocks very close to stocks of Elminius-Point Lynas, Anglesey, for examplemay have numbers of Elminius settled on them which from their eroded appearance seem to have survived for some time. There is no marked preponderance of young individuals and spat in these places. Chthamalus, the larvae of which are as small as those of Elminius, settles successfully in spite of limpet browsing. It seems more probable, therefore, that the species is uncommon on exposed coasts because its larvae do not settle there, rather than because of high mortality. There are no definite facts to indicate whether Elminius larvae could develop in the clearer waters that surround more exposed coasts, but it seems probable that the more turbid water of tidal estuaries contains particles of the appropriate kind to nourish them, while offshore water in general does not.
When considering the influence of other organisms competing with
Elminius for rock space, algae probably rank equally in importance with animals (cf. Barnes & Powell, 1953; Southward, 1953) . Where the water is sufficiently clear and where, as in shelter, limpets are few, the growth of algae prevents barnacles from colonizing much of the illuminated surface of rocks. Hence, barnacles may appear to avoid insolation (cf. Moore, 1944) and to collect in dark crevices under piers, or beneath boulders and overhangs. Thus, there exist in temperate waters two extreme situations in which rock surfaces are available for barnacle settlement; one where the rocks are so covered in silt, scoured, or affected by low salinities that algae do not greatly flourish, and the other where algae are kept down by the grazing activities of limpets and by heavy surf. E. modestus and Balanus improvisus are adapted to the former habitat, Chthamalus to the latter. In adapting itself to these turbid estuarine conditions it is possible that it has become nutritionally dependent on the type of food particles found in silty estuaries and is ill adapted to survive in clear water.
SUMMARY
Material collected prior to 1940 indicates that Elminius modestus was not present on British coasts at that time.
Elminius increased in abundance in south-east England from 1946 to 1950 and extended its range as far as the Humber, where it halted.
Its advance westwards along the south coast was similarly halted at Portland, but by 1948 independent colonies had been established in several of the river systems of Devon and Cornwall, in Milford Haven, and in the Bristol Channel.
The first populations in the Irish Sea were in Morecambe Bay. From there Elminius spread rapidly south and west along the north coast of Wales, and more slowly north and west towards Galloway, eventually bridging the sea to the Isle of Man ..
Detailed observations showed that Elminius advanced along the uniformly favourable north coast of Wales as a definite front moving at a rate of approximately 20-30 km per year. Around Anglesey where tidal currents were stronger it appeared simultaneously in many scattered centres.
A distinction is drawn between marginal dispersal taking place under the influence of normal agencies at the boundary of an existing population, and remote dispersal due to an artificial or freak transport over a long distance. In the case of Elminius the maximum distance that is likely to be bridged by marginal dispersal in the absence of strong residual drifts is about 30 miles.
Elminius probably first appeared near Southampton, and was introduced into the Thames estuary area probably by remote dispersal. Thence it spread along the east coast and was transported to Holland. Its extension into south Devon, the Bristol Channel, the Irish Sea, and to the French coast must also be attributed to remote dispersal.
The main ecological effects of Elminius result from competition for space with Balanus balanoides. Since Elminius breeds in summer, its dominance has a profound effect on the composition of the summer plankton, greatly increasing the number of barnacle nauplii, presumably at the expense of other larvae. 
